INTRODUCTION
Infectious salmon anaemia (ISA) is a severe disease affecting farmed Atlantic salmon with typical pathological changes being characterized by anaemia, leukopenia, ascites, haemorrhagic liver necrosis and petecchia of the viscera (Thorud & Djupvik 1988 , Evensen et al. 1991 , Thorud 1991 . The disease was first reported in a hatchery on the southwestern coast of Norway in 1984 and has now been diagnosed in salmon farms in all the counties along the Norwegian coast from Rogaland to Finnmark. Until 1997 there was no record of ISA outside Norway, but the disease has now been detected in Canada and Scotland as well (Mullins et al. 1998 , Rodger et al. 1998 . Infectious salmon anaemia virus (ISAV), the causative agent of ISA, has been suggested to represent a new genus in the family Orthomyxoviridae (Krossøy et al. 1999) . The genome consists of single-stranded RNA with 8 segments of negative polarity (Mjaaland et al. 1997) .
When this study was performed, the sequences of 2 segments were published. The cDNA sequence of segment 8 is reported to be 930 nucleotides long and to contain 2 putative open reading frames (Mjaaland et al. 1997) . The function of these 2 putative proteins is unknown. The cDNA sequence of segment 2 is reported to be 2245 nucleotides long, encoding a putative 708 amino acid protein predicted to be the RNAdependent RNA polymerase and corresponding to the PB1 of the influenza viruses (Krossøy et al. 1999) . Recently, the sequence of the predicted segment 7 was also published (Rimstad, Mjaaland & Sandvik unpubl. Genebank accession no. AF 220607) .
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Resale or republication not permitted without written consent of the publisher isolate, demonstrating that these isolates are not identical, has also been shown (Cunningham & Snow 2000) . However, as pointed out by these authors, the significance of the nucleotide variation between the Norwegian and Scottish isolates cannot be determined until the degree of variation among Norwegian isolates sampled from different sites and different years has been determined.
This study was initiated to clarify the relationship between Norwegian isolates that are geographically and temporally separated, and compare these sequences with isolates from North America and Scotland.
MATERIALS AND METHODS
RT-PCR. Viral RNA was isolated from infected fish or from infected cell culture after 1 or 2 passages using the Trizol reagent according to standard protocols (Gibco). The virus isolates shown in Table 1 were grown in Atlantic salmon kidney cells (ASK) (Devold et al. 2000) using the method described by Dannevig et al. (1995) . Reverse transcription (RT) was performed using Moloney murine leukemia virus reverse transcriptase according to standard protocols with random hexamers as primers (Promega). Subsequently, the single stranded cDNA served as template in PCR using Taq DNA polymerase according to recommended conditions (Pharmacia) and primers given in Table 2 . Segment 8 from all isolates was amplified with the primer pair FA4/RA4 generating a 776 bp fragment spanning positions 66 to 840 in the full length sequence of Mjaaland et al. (1997) . Segment 2 was amplified using primer pairs PB1-1F/PB1-5R and PB1-6F/PB1-9R giving 2 overlapping fragments spanning positions 74 to 2198 in the full length sequence of Krossøy et al. (1999) . The Canadian sequence of segment 2 was amplified using 4 partly overlapping fragments using primer pairs PB1-1F/PB1-2R, PB1-4F/ PB1-5R, PB1-6F/PB1-7R and PB1-9F/PB1-9R. The PCR fragments were then cloned into TOPO TA vectors according to the manufacturer's instructions (Invitrogen).
Sequence analysis. The PCR products were gel purified and sequenced using reagents for automatic sequencing (BigDye Sequencing Kit, Amersham). All sequences were determined on both strands. At least 3 parallel clones were sequenced when plasmid vectors were used. The sequences were aligned using CLUSTAL X (Thompson et al. 1994) , and the multiple sequence alignment editor GeneDoc (developed and distributed by Nicholas & Nicholas 1997) was used to perform pairwise comparisons between the different sequences from the 10 ISA isolates. To perform pairwise codon-by-codon comparison of aligned protein coding sequences the programme Diverge in the University of Wisconsin sequence analysis package (Genetics Computer Group, Madison, Wisconsin) was used. This programme estimates the number of synonymous and nonsynonymous substitutions. Phylogenetic analyses of the data sets were performed using the PAUP* 4.0 version (Swofford 1998) . The following analyses were used and compared: quartet puzzling analysis from the maximum likelihood model, the distance method (LogDet/Paralinear) with neighbor-joining tree building, the maximum parsimony method with heuristic search and the maximum likelihood method using heuristic search settings. The first 3 methods used 10 000 puzzling steps or bootstrap replicates. Trees were drawn using TreeView (Page 1996) . The rate of nucleotide substitutions based on all nucleotide mutations in segment 2 for the 4 isolates clustered together in the phylogenetic tree was calculated using the Kimura 2-and 6-parameter test (Gojobori et al. 1990 ). The estimated average mutation rate (assumed to represent a constant rate of nucleotide substitution) was then used to calculate a divergence date between a Norwegian and Canadian isolate. 
RESULTS

Pairwise comparisons
The results show a high degree of similarity between the 9 European isolates, with identity values between 98 and 100% for both segment 2 and 8 at the nucleotide level (Table 3 ). The nucleotide sequences of the same 2 segments from the Canadian isolate are 84 and 87 to 88% identical to the European isolates, respectively. The Canadian isolate shows a high degree of similarity with 97 to 98% identities at the amino acid level to the European isolates. In a pairwise comparison between the Norwegian Gl 90 isolate and the North American BF 97 isolate, the ratio between synonymous substitutions per synonymous site and nonsynonymous substitutions per nonsynonymous site was calculated to be 82.5, which shows the conserved nature of this protein. For the 695 amino acids residues of the partial PB1 sequences, amino acid substitutions were observed at 23 positions when compared to the Ei 87 isolate (Table 4) . Pairwise comparisons of the 2 deduced amino acid sequences of segment 8 reveal that one of the predicted proteins is more conserved than the other, with the Canadian sequences showing 76 and 95% identities to the European isolates (Table 3b) .
Phylogenetic analysis
Phylogenetic analysis based on segment 8 was inconclusive, as the resulting trees were almost totally unresolved (results not presented). However, the phylogenetic trees representing segment 2, although partly unresolved, clustered together 4 isolates sampled from 1990 to 1999 with high bootstrap support (Fig. 1) . It also clustered together the 2 isolates, Bm 98 and Bk 98, sampled the same year at different locations. The branch lengths of this tree clearly demonstrate the close relationship between the European isolates as opposed to the single North American strain used in this study. (a) Segment 2 E i 8 7 -9 9 9 8 9 9 9 8 9 9 9 9 9 8 8 4 9 9 G l 9 0 9 9 -9 8 9 9 9 8 9 9 9 9 9 8 8 4 9 9 G u 9 4 9 9 9 9 -9 8 9 9 9 8 9 8 9 9 8 4 9 8 Sv 96 99 99 1000 -9 8 9 9 9 9 9 8 8 4 
Substitution rate
A recommended method of estimating the rate of nucleotide substitutions is to examine the evolutionary relationship of genes obtained from different isolates first and then use only isolates that are closely related by descent (Saitou & Nei 1986) . Calculations of the mutation rate for the 4 isolates clustered together in the phylogenetic analysis indicated an average substitution rate of 0.96 × 10 -3 nucleotides site -1 yr -1 for both the 2-and 6-parameter test, which is to be expected when the data set contains a small numbers of substitutions (Gojobori et al. 1990) . When this mutation rate is used to calculate the divergence date between the Norwegian Gl 90 and Canadian BF 97 isolates, indications are that this divergence might have happened around 1900.
DISCUSSION
The pairwise analysis of gene segment 2 and 8 from 8 different Norwegian isolates sampled in different geographical area during a 12 yr period supports previous reports suggesting that the North American isolates are significantly different from the European isolates (Blake et al. 1999 , Cunningham & Snow 2000 , Kibenge et al. 2000 . Among the European isolates, segment 8 appears to be very conserved, showing few nucleotide changes during the 12 yr period studied here. The findings that segment 8 has 88% identity at the nucleotide level, and 71 and 96% identity for the 2 putative proteins encoded by this segment, is in accordance with Blake et al. (1999) . The possible functions of these predicted proteins have not been studied. The 2 proteins encoded by segment 8 (NS1 and NS2) in the influenza A virus show the same pattern as observed for the 2 deduced products from segment 8 of ISAV, i.e. the NS2 protein is more conserved than the NS1 protein (Kawaoka et al. 1998 , Suarez & Perdue 1998 . However, it remains to be shown that the predicted proteins of segment 8 of the ISAV correspond to the NS1 and NS2 proteins of influenza viruses. 4 Table 4 . Predicted amino acid differences in the polymerase sequence of different ISAV isolates. Only those residues that differ from that shown for Ei 87 are given. Amino acid positions are as in the full length polymerase sequence of Krossøy et al. (1999) 16  52  61  78  101  277  315  353  354  359  363  365  368  386  390  496  579  638  646  659  697  702  705 Fig. 1. A 50% majority rule consensus tree of 10 000 puzzling steps or bootstrap replicates performed with PAUP* 4.0 (Swofford 1998). Branch lengths were calculated using maximum likelihood and the Hasegawa-Kishino-Yano (HKY) model of substitution. The true branch length of the BF 97 isolate should be 0.28 according to the scale bar in the lower left corner. Numbers on the tree indicate percentage support for that topology with the different optimality criterions used; DB: distance bootstrapping; PB: parsimony bootstrapping; PS: puzzling steps
The phylogenetic analysis based on the polymerase sequences resulted in trees that clustered together 4 of the Norwegian isolates with relative high bootstrap support. Two of these isolates, Gl 90 and Va 96, were sampled from farms located relatively close to each other, while the Hi 99 and Gu 94 isolates were sampled at more distant locations. The phylogenetic analysis also clustered together the Bk 98 and Bm 98 isolates, which were isolated the same year on locations relatively close together. Whether this can be explained by transportation of fish or equipment is uncertain, as movement of fish at this time was restricted as part of the measures taken to control the disease in Norway (Håstein et al. 1999) and no link between the 2 outbreaks in 1998 has been found. It is not known whether this virus might be spread with migrating wild fish populations or not, but that could be possible.
The phylogenetic relationship between the Scottish LN 98 isolate and the different Norwegian isolates could not be elucidated from the study of these 2 genes. To obtain a better evaluation of the phylogenetic relationship between the different European isolates more variable genes than the 2 included in this study are needed. Genes encoding surface proteins would probably be good candidates to examine in such a study.
Of the total of 23 amino acid substitutions found when comparing all the other sequences to the oldest Norwegian isolate (Ei 87), 15 were found in the Canadian BF 97 isolate. Nine of these 15 substitutions were found clustered between the 2 highly conserved polymerase motifs A and B found in most viral RNA-dependent RNA polymerases (Poch et al. 1989) . A similar clustering of amino acid substitutions has also been observed in a comparison of PB1 protein sequences from influenza A viruses isolated from different hosts (Kawaoka et al. 1989) , demonstrating the functional constraints in the polymerase protein.
The mutation rate for the polymerase gene was calculated to be 0.96 × 10 -3 nucleotides site -1 yr -1
, which is close to the mutation rate of 0.87 × 10 -3 nucleotides site -1 yr -1 reported for the PB1 gene from human influenza A virus (Kawaoka et al. 1989 , Webster et al. 1992 . The finding that most substitutions are synonymous is in accordance with the findings of Saitou & Nei (1986) . They reported that the rate of nucleotide substitution in influenza A virus genes is much lower at the first and second positions than at the third position of codons, except for 1 part of the H3 hemagglutinin in which all 3 nucleotide positions had essentially the same substitution rate. The latter observation was explained by little purifying selection on this gene and by the fact that the substitution rate therefore occurs at the same rate as does the mutation rate. Based on the calculated substitution rate, the divergence date between the Norwegian Gl 90 and North American BF97 isolates was calculated to be around 1900. One should, however, be cautious about this dating since evolutionary rates are not always linear with time (Scholtissek et al. 1993 ). In addition, the time-scale of virus isolation and number of isolates included will probably affect estimated evolutionary rates, thus influencing the estimated divergence date. With this in mind, it is nevertheless an interesting point that an extensive transportation of eggs from salmonid fish was carried out between Europe and North America in the late nineteenth century (Welcomme 1988) . One of the species introduced to Europe from North America was rainbow trout Oncorhynchus mykiss, probably originating from the McCloud River in California (Benkhe 1992 , Gall & Crandell 1992 . This species was first introduced to Europe in 1879, when eggs were imported to France (Welcomme 1988) . In 1882 rainbow trout was also imported to Denmark (Rasmussen 1967) , from which location eggs were transported to Norway in 1902 (MacCrimmon 1971 . It is known that ISAV can replicate in rainbow trout without causing disease (Nylund et al. 1997) . The virus has also been found in sex products of Atlantic salmon (Melville & Griffiths 1999) and can probably be found in sex products of other salmonids which are host to this virus. It is therefore possible that the virus could have been transferred with eggs that were not disinfected. However, it is also possible that the ISAV may have been transported from Europe to North America with sea trout Salmo trutta that were introduced to North America from Europe in 1883 -1884 (Corteney et al. 1984 , Welcomme 1988 . At present it is therefore not possible to suggest a geographical origin of the ISA virus.
